We describe the design and application of a low-energy electron microscope (LEEM) dedicated to the study of III-V materials. Recent studies of Langmuir (free) evaporation of GaAs (001) have been reviewed. Running Ga droplets are observed, and the motion is predicted and shown to slow and stop near a characteristic temperature. Striking bursts of Bdaughter[ droplet nucleation accompany the coalescence of large Bparent[ droplets. These observations imply that evaporation and surface morphology are intimately connected, suggesting a new approach for the self-assembly and positioning of nanostructures on patterned surfaces.
Introduction
GaAs-based devices play a central role in radiofrequency communications technology and optoelectronics. Applications range from mobile phones and wireless networks to laser pointers and DVD players. GaAs high-electron-mobility transistors and III-V-based laser diodes can be viewed as the major components underlying modern communications and optoelectronics. Such structures are composed of thin layers of III-V semiconductor materials, which are grown by molecular beam epitaxy (MBE) with atomic-layer precision. Given the technological importance of III-V MBE growth, real-space imaging of surface growth dynamics is highly desirable. However, this has remained elusive largely because any imaging method must be compatible with the incident As flux, which is a characteristic of III-V MBE.
In parallel with advancing current technologies, longer term objectives in III-V research are to move beyond the constraints of conventional lithography and fabricate new quantum structures using variants of MBE. Quantum dots, double dots, rings, double rings, molecules, and rods have now been assembled [1] [2] [3] [4] with potential applications including novel lasers, electron-spin memory, and quantum computing. However, a significant limitation in the realization of new quantum structures is our inability to observe how they form in real time and hence understand how to tailor their characteristics. Just like interfaces grown by MBE, quantum structures are usually created under the As flux at elevated temperatures, and thus, imaging how they form under real growth conditions is highly desirable.
To facilitate imaging of a technologically important interface and quantum structure formation under the As flux, we have developed a surface electron microscope integrated with a III-V MBE system. In this paper, we describe the basic design of this III-V low-energy electron microscope (LEEM). Applications of III-V LEEM to the study of Langmuir (free) evaporation of GaAs into a vacuum are then reviewed, revealing the unexpected and striking motion of Ga droplets [5] and how decomposition is controlled by surface morphology during evaporation [6] .
III-V LEEM system
The basic instrument consists of an Elmitec LEEM III configuration, which incorporates a Schottky field-emission electron source for enhanced brightness and beam coherence compared with the conventional LaB 6 gun. Incorporation of III-V MBE required significant modifications, including installation of multiple deposition sources, dedicated equipment for surface cleaning, and an internal cooling shroud to limit the buildup of As background pressure [7] . Figure 1 (a) contains an overview of our instrument. A cross section of the basic LEEM system and the specimen region are shown in Figures 1(b) and 1(c) , respectively.
The system is equipped with Ga and In effusion cells with integrated cooling shrouds and shutters and a metal valve As cracker source (MBE-Komponenten). Since Ga and In are liquids at high temperature, it is necessary to mount the effusion cells in a face-up configuration [they are located underneath the instrument in Figure 1(a) ]. Dual filaments are used to heat the crucibles to minimize droplet formation via condensation near the orifice to improve flux reproducibility. Both sources are equipped with automatic shutters. In order to reduce material deposition in the objective lens region, a pyrolytic boron nitride cap with a small orifice, together with additional Ta shielding, ensures a well-collimated evaporation beam. The Ga source is backed up by an uninterruptible power supply system to maintain the source temperature at 50 C and prevent cracking of the crucible in the event of a power failure.
The As cracker source consists of a 300-mL As reservoir, which is heated to evaporate the As. A cracking zone on top of the reservoir can be used to convert naturally sublimated As 4 into As 2 if required. An integrated all-metal valve between the reservoir and the cracking zone provides precise control of the As flux, which is important for dynamic imaging experiments. The reservoir and cracker temperature gradient is computer controlled during heating and cooling to reduce stress on the valve.
During III-V MBE, it is necessary to reduce the background As pressure resulting from high molecular As 4 or As 2 flux. Our III-V LEEM system therefore incorporates a cooling shroud for this purpose, which prevents discharge between the specimen and objective lens. The Cu shroud design is shown in Figure 1 (c). Liquid nitrogen (LN) is supplied via a vacuum feedthrough to achieve thermal insulation. Small apertures in the shroud allow Ga, In, and As fluxes to impinge on the center of the sample. The background pressure is reduced by nearly 4 orders of magnitude when the shroud is in operation, which provides suitable conditions for imaging. However, following long time exposure to the As flux, the objective lens surface must be cleaned to reduce the probability of discharge. Magnetic shielding surrounds the cathode and anode regions in Figure 1 (c) to screen the electron beam from stray fields originating from the MBE sources. An atomic hydrogen source (AHS) [8] is used for in situ surface cleaning of GaAs wafers. The AHS is effective at removing the surface oxide layer and surface impurities such as carbon. Several imaging modes such as LEEM and photoemission electron microscopy (PEEM) are applied in this paper [9] [10] [11] .
Langmuir evaporation of GaAs
Langmuir (free) evaporation of GaAs(001) into a vacuum has been studied for many decades [12] [13] [14] [15] . When heated, GaAs decomposes, and As and Ga fluxes evaporate from the surface. Below congruent evaporation temperature T c , the fluxes are equal, preserving the compound stoichiometry. However, above T c , As more readily evaporates, leaving behind Ga-rich droplets on the surface [16] [17] [18] [19] . There has been a resurgence of interest in such droplets in the area of droplet epitaxy, where they are recrystallized under the As flux to generate GaAs quantum structures. Such structures can now be formed in different geometries, including dots, rings, and multirings with varied potential applications [20] [21] [22] .
The formation and behavior of Ga droplets can be imaged by heating an epitaxy-ready (epi-ready) GaAs substrate above T c $ 625 C [15] in III-V LEEM. An undoped GaAs(001) AE0:1 epi-ready wafer was initially degassed at 300 C under ultrahigh vacuum for 24 hours in the LEEM system. This was followed by high-temperature flashing up to 600
C and annealing at 580 C for 2 hours to remove the surface oxide. Ga droplets were produced by annealing above T c . The growth rate of the droplets is strongly dependent on annealing temperature, and this could be used to control their size. The base pressure of the system is below 2 Â 10 À10 torr, and typical pressures observed during imaging at the annealing temperature of 630
C are approximately 1 Â 10 À9 torr with LN cooling of the internal shroud. Mirror electron microscopy (MEM), in which the specimen potential is adjusted so that electrons turn around just before the surface, is an ideal imaging mode for studying droplets [5, 6, [23] [24] [25] [26] . A droplet distorts the uniform electric field between the planar sample surface and the objective anode, which significantly redistributes electron intensity. This can cause families of electron rays to overlap, creating strong caustic features in the image. For a large negative defocus range of the objective lens, droplets appear as dark circles enclosed by a bright caustic ring [see Figure 2 (a)]. It should be noted that the caustic ring diameter in Figure 2 (a) is larger than the actual perimeter of the droplet so that the droplet size is enlarged in MEM. This contrast can be understood and quantified from a numerical evaluation of classical electron ray trajectories [25] .
Running Ga droplets
The most striking observation in III-V LEEM is that Ga droplets spontaneously Brun[ across the surface during annealing. Even after evaporation of many hundreds of monolayers of the crystal, the motion continues. Despite many studies of GaAs Langmuir evaporation over the years [12] [13] [14] [15] [16] [17] , to our knowledge, Ga droplet dynamics had not been previously observed, illustrating the advantages of in situ real-time imaging.
MEM images taken from movies of Ga droplet motion at three different temperatures are shown in Figure 2 (a). The epi-ready surface is associated with slight roughness, and as the droplets move, they leave behind a smooth trail. The motion has a stick-slip character. It occurs preferentially along the [110] direction but equally in both directions, ruling out thermal gradient effects. It can be noted in Figure 2 (a) that the size of the moving droplets decreases for T G T c and increases for T 9 T c . At T c , the droplet size remains stable, and surprisingly, there is a temperature range of approximately 20 C about T c in which the droplets do not move. To further explore the relationship between motion and temperature, we adjusted the temperature to the desired T and measured the droplet velocity averaged over many minutes. The results are shown in Figure 2(b) . Away from T c , the average droplet velocity increases with either increasing or decreasing temperature. This unusual temperature dependence suggests that the motion is intimately linked to T c .
Guided by the experimental results, it would seem natural to consider the net force on the droplet derived from the thermodynamics of the GaAs surface during evaporation. The GaAs surface can be characterized by its surface Ga and As chemical potentials, i.e., Ga and As , respectively, where the sum Ga þ As ¼ GaAs is fixed by equilibrium with the crystal, and GaAs is the bulk crystal free energy per atom pair. Congruent evaporation at a given temperature T occurs because Ga adjusts to a steady-state value where Ga and As evaporate at equal rates. Increasing T favors As evaporation, causing Ga to accumulate on the surface. Consequently, Ga increases until the Ga and As evaporation rates are equal and congruent evaporation is restored. However, with increasing T, Ga will eventually rise beyond liquidus value L , and Ga can nucleate as liquid droplets rather than all evaporating. This defines the upper limit T c for congruent evaporation. It is expected that the Ga droplets will stay close to equilibrium with the GaAs crystal at L , which gives rise to a disequilibrium between the droplet and the surface for temperatures away from T c , where
To see how the disequilibrium in chemical potential results in motion, it is necessary to consider the net force on a droplet when it is displaced (e.g., by a thermal fluctuation).
Integrating the force vector around the periphery of the droplet, it can be shown that the total net force on a droplet is proportional to the difference in Gibbs free surface energy of the surfaces exposed and covered during the motion [5] . The newly exposed surface is created in equilibrium with the droplet at chemical potential L . However, before being covered by the droplet, the surface on the opposite side had a structure corresponding to Ga , whereas the reservoir for the excess Ga is now the droplet at L . Expanding to the lowest order in ðT À T c Þ, one finds that the difference in free surface energy is quadratic in ð Ga À L Þ and that ð Ga À L Þ is linear in ðT À T c Þ, giving the total net force on a droplet of diameter d at temperature T as
where coefficient embodies both thermodynamic and kinetic properties of the surface [5] . Modeling the time-averaged stick-slip motion as a damped response to F with an effective frictional force that is independent of velocity and opposite to the direction of motion, then from Equation (1), the velocity becomes
where m is the mobility, and f is the friction term. For ðT À T c Þ 2 G v f =m, v ¼ 0, which is consistent with the region of zero motion about T c . When the range of T is large, it is necessary to include cubic and higher order terms in the expansion about T c , and with Equation (2) extended to cubic order, it is possible to fit (solid blue line) the velocity data well, as shown in Figure 2 (b). The basic prediction of / ðT À T c Þ 2 is, however, sufficient to capture the overall general behavior. We note that there have been a number of interesting studies of droplet dynamics on surfaces with different proposed mechanisms for motion [27] [28] [29] . The mechanism for running droplets described here should be applicable to other III-V semiconductors such as InAs, where the more slowly evaporating component forms droplets on the surface at temperatures where a liquidus exists. More broadly, the droplet motion may create new possibilities to position nanostructures in droplet epitaxy. 
Droplet coalescence during Langmuir evaporation
Above T c , excess Ga is left behind during evaporation and diffuses to the droplets, which grow via adatom capture. Occasionally, however, droplets also abruptly grow via coalescence [6, 9] . These events are particularly interesting, as illustrated by the sequence of PEEM images shown in Figure 3 . Droplet 1 in Figure 3 (a) is absorbed into droplet 2 (which remains stationary) in a coalescence event [see Figure 3(b) ]. This leaves behind the etch pit framed in Figure 3 (b) and magnified in Figure 3(c) . Within 2 seconds, a rapid burst of daughter droplet nucleation occurs within this area. Following rapid growth, they begin to move at t ¼ 51 seconds. Eventually, the droplets move outside the etch pit arena, and there is no subsequent nucleation suggesting an unanticipated nucleation mechanism.
To elucidate the mechanism, we employ MEM [5, 6, [23] [24] [25] [26] to reveal information on surface morphology. In particular, MEM movies of coalescence events similar to Figure 3 reveal that the concave etch pit left behind by the coalescing droplet planarizes with time, and only then do the daughter droplets move away from the region. The time for significant planarization corresponds to the initial burst of nucleation and growth of the daughter droplets with no further nucleation occurring after the surface is planarized.
Simple model for Langmuir evaporation of GaAs
The linkage between planarization and droplet formation suggests that surface steps are important, and we develop a simple model of Langmuir evaporation from a miscut wafer of mean step spacing L s . Our assumption is that Ga adatoms persist on the surface long enough to maintain approximate equilibrium between terrace and steps [30] . However, it is known that As readily evaporates, and a constant excess flux of As is required to prevent decomposition during MBE [15] . Consequently, we assume that, at our experimental temperatures, As surface species evaporate too rapidly to maintain a significant population across the terrace. Then, the rate of As evaporation is proportional to step density, whereas Ga evaporation is independent of step density. Formalizing this using a standard transition-state model for As and Ga evaporation, the evaporation rates per unit area are
Ga À E Ga kT (3)
Here, E Ga and E AsN are the respective transition-state energy values for Ga and As evaporation, and it assumed that the As transition state consists of N atoms. The rate constants r Ga (per unit area) and r As;s (per unit step length) include the transition-state entropy or degeneracy, for example, the density of sites for evaporation. As discussed earlier, Ga increases with increasing T until F Ga ¼ F As . However, if Ga rises above the liquidus value, Ga can accumulate as droplets, which defines T c . Inserting Equations (3) and (4) in the condition F Ga ¼ F As for Ga ¼ L then yields an expression for the congruent evaporation temperature, i.e.,
This simple model leads to several important predictions [6] . First, above T c , if droplet coalescence suddenly exposes an etch pit of much higher local miscut, then that region will experience much faster As evaporation and Ga release, explaining the burst of nucleation and subsequent growth of the daughter droplets. Second, the release of Ga increases Ga in the etch pit region. This drives the surface further from the liquidus composition, which enhances the force for the droplet motion [5] and accounts for the rapid daughter droplet dynamics. Finally, it can be observed in Equation (5) that T c depends on the miscut via mean step spacing L s . This has potential implications for positioning nanostructures, which we consider in the next section.
Figure 3
Images captured from a PEEM video of Ga droplet coalescence at 630 C [6] . Liquid Ga appears bright against dark GaAs. Positioning nanostructures using spatial variations in T c Equation (5) indicates that the regions of the surface possessing a higher local miscut will have a lower T c , suggesting new possibilities for controlled nanostructure formation on lithographically patterned substrates. Evaporation should preferentially occur on the most highly sloped regions, allowing generation of droplets at predetermined locations. Annealing at temperatures above T c for the sloped regions, but below T c for the surrounding planar surface, should provide especially reliable Ga placement. The droplets could then be converted into quantum structures under an overpressure of a group V vapor as in standard droplet epitaxy methods [2, [20] [21] [22] .
We have demonstrated droplet positioning at a proof-of-concept level. We first heated a GaAs(001) sample above T c to form a number of well-separated Ga droplets [see Figure 4 (a)]. The sample was then cooled below T c so that the Ga droplets shrink and eventually disappear [see Figure 4(b) ]. This leaves a surface patterned with nanoscale depressions due to droplet etching. The largest droplet, which is designated 1 in Figure 4 (a), is associated with the deepest etch pit and was the last to disappear. When we slowly increase the temperature to 620 C, a new droplet appears at precisely the same position as that of droplet 1 [see Figure 4 (c)]. We can control the stability of this single droplet over a significant time period (many minutes) and temperature range AE5
C [see Figure 4 (d)]. On increasing the temperature to 635 C, a new droplet is generated in the etch pit previously occupied by droplet 2 [see Figure 4 (e)]. Even after 1 minute of annealing at 635
C, approximately 90% of the new droplets generated in Figure 4 (f) correspond to etch pit positions. This demonstrates that droplet positions can be controlled by surface patterning.
Conclusion
We have described the design of a III-V surface electron microscope and its application to study Langmuir evaporation of GaAs(001). Droplets move during evaporation, which is driven by disequilibrium with the surface, giving rise to an unusual temperature dependence. Coalescence events are associated with the nucleation and motion of numerous Bdaughter droplets.[ These observations indicate a morphology-dependent congruent evaporation temperature, which has important implications for writing nanostructures. 
